Abstract. Accurate identification of species is fundamental for biological research and necessary for species conservation. DNA barcoding is particularly useful when identification using morphological characteristics is laborious and/or unreliable. However, barcodes for species are dependent on the availability of reference sequences from correctly identified specimens. The traditional use of morphology to delimit the species boundaries of Finnish bagworm moths (Lepidoptera: Psychidae: Naryciinae: Dahliciini) is controversial because there is overlap in their morphological characteristics. In addition, there are no suitable molecular markers. We verified the delimitation of seven out of eight previously described taxa, by using the currently standardized COI barcode and phylogenetic inference based on fragments of mitochondrial (COI) and nuclear genes (MDH). Moreover, we compared the results of molecular methods with the outcome of geometric morphometrics. Based on molecular identification, our findings indicate that there are five sexual species (Dahlica and Siederia spp.) and two parthenogenetic species (D. fennicella and D. triquetrella) in Finland. We suggest that molecular methods, together with geometric morphometrics of male genitalia are an effective way of delimiting species of bagworm moths.
INTRODUCTION
Currently DNA barcoding (Hebert et al., 2003) is widely used for delimiting species, especially those of arthropods (Taylor & Harris, 2012) . The standard gene fragment used for DNA barcoding is the mitochondrial cytochrome oxidase I (COI) (Hebert et al., 2003) . COI is suitable for DNA barcoding because it is a relatively large fragment (650-658 bp), which increases the likelihood that it will be possible to use to delimit species (Pradeep Kumar et al., 2012; Yang et al., 2012; Pérez-Losada et al., 2012) . Partial sequences of mitochondrial cytochrome oxidase I are widely used for identifying many species that are difficult to differentiate using morphological characters, specially larval stages in Lepidoptera (Gossner & Hausmann, 2009 ), arachnids (Barrett & Hebert, 2005 , and those species with complex life cycles (Foottit et al., 2009) .
In this paper, we focus on Finnish bagworm moths of the tribe Dahliciini (Lepidoptera: Psychidae: Naryciinae). Their common name (bagworm moths) refers to the fact that their larvae construct cases of forest debris in which they live and complete their development (Rhainds et al., 2009) . The tribe Dahliciini includes the genera Dahlica and Siederia (Bengtsson et al., 2008) . According to Sobczyk (2011) the genus Dahlica includes 46 described species all of which have a Palaeartic distribution. On the other hand, the genus Siederia has a Palaearctic and Nearctic distribution and includes 17 described species. In Finland, there are five species in the genus Dahlica: D.
charlottae (Meier, 1957) , D. fennicella (Suomalainen, 1980) , D. lazuri (Clerck, 1759) , D. lichenella (Linnaeus, 1761) and D. triquetrella (Hübner, 1813) , and three species in the genus Siederia: S. listerella (Linnaeus, 1758) , S. rupicolella (Sauter, 1954) and S. cembrella (Linnaeus, 1761) .
Delimiting the species of some bagworm moths is extremely difficult using traditional taxonomy because many species look remarkably alike and share similar ecological characteristics. For nearly three decades (Suomalainen, 1970 (Suomalainen, , 1980 Pro Natura, 1997 ) the morphological identification of males of species belonging to the genera Dahlica and Siederia was based on qualitative analyses of the shape of their wing scales, genital index and the mid-tibial epiphysis. The morphological identification of females is more difficult because they lack wings. Therefore, features of the capito-prosternal plate and spines of pupae are the only characteristics that can be used for identifying the females of these species. Our observations indicate that overlapping morphological traits and absence of unique features makes the identification of species of bagworm moths extremely difficult. In addition, unresolved phylogenetic relationships and the lack of type specimens also hamper the use of traditional identification methods. In the most recent attempt using mitochondrial DNA, Grapputo et al. (2005) were unable to completely resolve the phylogenetic relationships due to weak phylogenetic support and lack of correspondence between molecular and morphological methods. Therefore, bagworm moths are good candidates for attempting to identify species using DNA barcoding, since morphological differentiation is minimal (Strutzenberger et al., 2011) and their taxonomy is not optimally resolved (Suomalainen, 1980; Palmqvist, 2008) .
Bagworm moths are an interesting group of Lepidoptera because parthenogenetic and sexually reproducing species coexist (Kumpulainen et al., 2004; Elzinga et al., 2011b) . Parthenogenetic reproduction is extremely rare in Lepidoptera but parthenogenetic species of bagworm moths are abundant wherever they occur. The existence of parthenogenetic species contradicts the notion that sexual reproduction carries greater benefits, such as the production of genetic variability and the elimination of deleterious mutations (Muller, 1964; Birky, 1999; Rice & Friberg, 2009 ). Consequently, in order to test hypotheses about the origin (Chevasco et al., 2013) and maintenance (Elzinga et al., 2011b; Chevasco et al., 2012) of parthenogenetic reproduction it is essential to be able to correctly identify the sexual and parthenogenetic species of bagworm moths.
Here, we examine the parthenogens D. fennicella and D. triquetrella and the following sexual species: D. charlottae, D. lazuri, D. lichenella, S. listerella and S. rupicolella, but not S. cembrella as it, was not present at the sites we sampled. However, according to Sobczyk (2011) S. cembrella might be a junior subjective synonym of S. listerella or a southern subspecies of S. pineti. Previous molecular identification of bagworm moths (Elzinga et al., 2011a, b; Chevasco et al., 2012) was done using a fragment of the COII gene, including reference sequences published by Grapputo et al. (2005) .
We aim to establish whether DNA barcoding based on a fragment of the COI gene gives similar results in terms of species identification to using the partial sequence of COII. In addition, in order to rule out any discrepancies, the outcome of DNA barcoding will be compared with the results of a phylogenetic analysis using the mitochondrial COI and nuclear MDH. Lastly, we will contrast the effectiveness of geometric morphometrics with the findings of molecular methods. Specifically, we will determine whether morphological characters are useful for delimiting species.
MATERIAL AND METHODS

Sample collection
In early March from 2007 to 2011, last instar larvae were collected by placing tape traps around tree trunks in Finland and Estonia. The details of the sites sampled, coordinates, species and numbers of individuals collected are summarized in the supplementary information (Table S1 ). All the individuals were reared under laboratory conditions until the adults emerged. For details see Elzinga et al. (2011b) . Males and females used for morphological analyses were preserved in 99% ETOH. The analysis of male genitalia included data obtained from some additional pinned specimens collected in 2010.
Amplification of mitochondrial cytochrome oxidase I and II (COI-COII) and nuclear malate dehydrogenase gene (MDH)
We used the traditional COI fragment for DNA barcodes (Wilson, 2012) and a smaller fragment of COII. The use of short DNA fragments (this study), single nucleotide polymorphisms (SNP's) or insertions/deletions (indels) is recognized as DNA barcoding sensu lato (Valentini et al., 2009 ). Since mtDNA is maternally transmitted, we included a fragment of a nuclear gene (MDH) in order to rule out hybridization between bagworm moths.
DNA was extracted from sexual and parthenogenetic individuals using the QIAGEN DNeasy Blood & Tissue kit (QIA-GEN, Hilden, Germany) according to the manufacturer's protocol and by eluting the DNA in 100 µl of buffer AE. We amplified a 657 bp fragment of the COI gene (GenBank accession numbers: JX307864-JX307990) using the primer pair reported in Wahlberg & Wheat (2008) : LCO (fwd) G GTC AAC AAA TCA TAA AGA TAT TGG and HCO(rev) T AAA CTT CAG GGT GAC CAA AAA ATC A. The COII gene fragment of 331 bp (GenBank accession numbers: JX308108-JX308217) was amplified using the primer pair: COII-M1F (fwd) TT GGA TTT AAA CCC CAT YTA and C2-N-3389(rev) TCA TAA GTT CAR TAT CAT TG (Simon et al., 1994) . We also amplified a fragment of 730 bp of the MDH gene (GenBank accession numbers JX307991-JX308043 and KC357571-KC357586) using the primer pairs MDHF(fwd) G AYA TNG CNC CNA TGA TGG GNG T and MDHr(rev) AGN CCY TCN ACD ATY TTC CAY TT (Wahlberg & Wheat, 2008) . The primer pairs for all gene fragments had an M13 "tail" either forward 5'-TTGTAAAACGACGGCCAGT-3' or reverse 5'-CAGGAAACAGCTATGACC-3'.
All PCR reactions were performed using the FailSafe PCR System (Epicentre Biotechnologies, Madison, Wisconsin) in a total reaction volume of 20 µl that included 20-50 ng of DNA, 0.5 µM of forward and reverse primer, 10 µl of Buffer B 2X and 2.5 U/µl of Taq DNA Polymerase. Reaction conditions were as follows: an initial denaturation step of 30 s at 95°C, 30 cycles consisting of 30 s at 95°C, 30 s at 50°C annealing temperature and 1.5 min at 72°C followed by one cycle of 5 min at 72°C. The PCR products were verified by electrophoresis in agarose gel (1%). If there was a single band, the products were purified using Exonuclease I-Shrimp Alkaline Phosphatase (Amersham Biosciences). If more bands were visualized, the expected product was cut from the gel and purified using the QIAquick gel extraction kit from QIAGEN according to the manufacturer's instructions. All sequencing reactions were conducted with the BigDye® Terminator v3.1, Cycle Sequencing Kit (Applied Biosystems) using the M13 primers (0.2 µM) and run on an ABI 3130xl Genetic Analyzer (Applied Biosystems). The PCR products were sequenced for both strands and edited for ambiguities in Seqscape v2.6 (Applied Biosystems). Subsequently, the sequences were aligned with ClustalW in MEGA v. 5 (Tamura et al., 2011) with default settings.
DNA analyses
DNA barcoding
The NJ trees, for the COI and COII, were based on the Kimura 2 parameter (K2P) model of nucleotide substitution (Kimura, 1980) as recommended in the barcoding protocol (Ratnasingham & Hebert, 2007) . The K2P is the most commonly used and widely accepted substitution model for DNA barcoding (Park et al., 2011; Ruiz-Lopez et al., 2012; Jin et al., 2013) . Nevertheless, its applicability is under debate. According to Srivathsan & Meier (2012) the model did not appear to increase identification success and might not be entirely suitable for closely related COI sequences.
Trees were obtained using MEGA v. 5 (Tamura et al., 2011) . The delimitation of the different species of bagworm moths was made according to their clustering with the reference sequences. We used Genbank vouchers for COII from Grapputo et al. (2005) . Therefore, the species names reported in this study follow this reference. Additionally, the inter-specific and intraspecific nucleotide sequence divergence was calculated for COI and COII fragments using the K2P model as recommended by Hebert et al. (2003) . Further details are found in the supplementary information.
The species specific DNA barcodes were submitted to GenBank (accession numbers JX307864-JX307947) and compared with the barcodes available in the Barcode of Life Database (BOLD) (http://www.boldsystems.org).
Usefulness of the mitochondrial cytochrome oxidase I and II (COI-COII)
We used an identification approach based on direct sequence comparison to compare our results with those of the NJ trees using TaxonDNA/SpeciesIdentifier 1.7.7-dev3 (Meier et al., 2006) . The COI and COII sequences were evaluated using the following criteria: "Best Close Match" and "All species barcodes." The threshold similarity value for all comparisons was computed from pairwise distances. "Best Close Match" identifies the best barcode match of a sequence and assigns a species name to a query only if the barcode is sufficiently similar. In contrast, "All species barcodes" is more rigorous than the "Best Close Match" criterion as it uses information from all conspecific barcodes in the data instead of focusing on those barcodes that are similar to the query.
DNA barcoding profiles based on different distance thresholds
We tested whether the distance thresholds proposed for DNA barcoding, such as 1% (Ratnasingham & Hebert, 2007) and 3% (Hebert et al., 2003) grouped species of moths in the same clusters as those in the NJ trees. We conducted the clustering analysis using TaxonDNA/SpeciesIdentifier 1.7.7-dev3 (Meier et al., 2006) . Additionally, we used the Barcode Index Number (BIN) (Ratnasingham & Hebert, 2013) to estimate the number of species.
The Barcode Index Number (http://www.barcodinglife.org/ index.php/Public_BarcodeIndexNumber_Home) clusters barcode sequences based on an algorithm that works on the basis of a 2% distance cut-off (Smith et al., 2012) . The BIN clusters were obtained directly from our GenBank barcode records, which are also available in BOLD.
Phylogenetic relationships
DNA barcodes alone provide insufficient information about taxa (Rubinoff & Holland, 2005) . Therefore, this analysis was performed to determine whether the species specific clusters were similar to those of the NJ trees, which are based on pairwise distance differences.
The best-fit models for nucleotide substitution were obtained using jModelTest v 2.1.1 (Darriba et al., 2012) applying the Akaike information criterion (AIC) (Posada & Crandall, 1998) . For the mitochondrial COI fragment we obtained the general time reversible model (Lanave et al., 1984) with gamma distributed rate variation across sites (GTR + ). The best model for the MDH fragment was the symmetrical model (Zharkikh, 1994) with a proportion of invariable sites and gamma distributed rate variation across sites (SYM + I + ). The sequences of Diplodoma laichartingella (Mutanen et al., 2010) GenBank accession numbers COI GU828726 and MDH GU830429) and Narycia duplicella were included as outgroups. We did not obtain a PCR amplification product for the MDH gene in N. duplicella.
We chose not to use the short COII fragment since it is not the standard barcoding gene. A previous study (Chevasco et al., 2013) on the same species of bagworm moths included a phylogenetic reconstruction of the COI and COII gene fragments. Moreover, the same paper reports a multi-gene phylogeny of four gene sections (COI-COII-CAD-MDH).
Bayesian phylogenetic trees, for the COI and MDH, were obtained using MrBayes v 3.2 (Ronquist et al., 2012) . Two simultaneous independent runs with three heated chains and one "cold" chain were run for a number of generations that varied between 800 thousand and 1.9 million, with a sample frequency of 1000 and a burnin of 25% of the total number of samples. In order to obtain a strict consensus tree, which shows only those relationships that are unambiguously supported by the data, we always used the contype = allcompat option. The default of a random starting tree was used at all times. The standard deviation of split frequencies ( 0.01) and the potential scale reduction factor (near 1.00) were used as the parameters for convergence (Hall, 2011) . The support for each cluster was evaluated following the criteria of Hillis-Bull (1993) where a Bayesian posterior probability (BPP) of  0.95 is considered as significant support for the phylogenetic relationships. For the MDH gene fragment, the heterozygous sites were left with the nucleotide ambiguity code (unphased). Ambiguous characters were treated as uncertain in MrBayes as they do not carry any phylogenetic information.
Male morphology
Traditionally, the morphological identification of Dahlica and Siederia has been based on the genital index and a qualitative analysis of the shape of wing scales (Sauter, 1956; Dierl, 1966; Suomalainen, 1980; Pro Natura, 1997; Hauser, 2004; Bengtsson et al., 2008) . However, in our analysis we used geometric morphometrics to characterize wing scales and genitalia in order to determine whether morphological characters distinguish the same taxonomical entities as molecular methods.
To examine the scales we mounted each right forewing on a microscope slide. Then, we took a photograph of the distal ¾ of each wing, between the R2 and R3 veins, with a 10 × magnification on a Zeiss Axioskop microscope using the program SPOT v 4.0.1 (Diagnostic Instruments, Sterling Heights, MI). Each scale was characterized by a set of homologous points that define its shape. The points that could be precisely identified were defined as landmarks (3) while the others (5) which were strategically spaced were considered as semi-landmarks ( Fig. 1 ). For each individual we were only able to analyze five scales as the scales frequently overlapped, which prevented proper characterization.
In order to prepare microscope slides of the genitalia, the distal part of the abdomen was left overnight in a solution of 10% KOH to soften the surrounding tissues. A day later, genitalia were dissected. As the genitalia of males are easily damaged; the genital structures were not separated but left in their original configuration. Since we wanted to avoid inconsistencies in geometric morphometric characterization, the genitalia were mounted in the same orientation in euparal (ANSCO Laboratories, Manchester, England). Subsequently, a photograph was taken using a Zeiss Axioskop microscope at a magnification of 40 × using the program SPOT v 4.0.1 (Diagnostic Instruments, Sterling Heights, MI). The genitalia, were considered to be a single unit and, characterized by a set of homologous points on photographs that showed genital structures in the same orientation. A set of semi-landmarks, which were strategically spaced (19), described the phallus shape, whereas a set of landmarks (4) and semi-landmarks (16) characterized both valve (Fig. 1 ).
Female morphology
Traditional morphological identification of females is based on the shape of the capito-prosternal plate during the pupal stage (Suomalainen, 1980; Hättenschwiler, 1985; Pro Natura, 1997 ). Only Hauser (2004 suggests the use of an index based on the length of the pupal antennal sheath and the length of the capitoprosternal plate. To determine whether the pupal capitoprosternal plate is as useful as molecular methods for species delimitation we used a set of homologous points that describe its shape. First, the capito-prosternal plate of the female pupa was mounted dry on a microscope slide. Then, all points were located on a photograph that was taken using a stereomicroscope Olympus SZX9 at a magnification of 12.5 × using the program Image Pro Plus v7.0 (MediaCybernetics, Silver Springs, MD). The points that could be precisely identified were defined as landmarks (7) while the rest, which were strategically spaced, were defined as semi-landmarks (18) (Fig. 1 ).
Geometric morphometric analysis
The landmark and semi-landmark digitations were performed on photographs using TPSUTIL v 1.53 (Rohlf, 2012) and TPSDIG v 2.16 (Rohlf, 2010) . Subsequently, the data were imported to MorphoJ v 1.05d (Klingenberg, 2011) . Next, shape information was extracted from the landmarks and semilandmarks with a full Procrustes fit and projected onto the tangent space to the shape space (Dryden & Mardia, 1998) . Then, the new set of shape variables was examined by using canonical variate analysis (CVA), which is frequently used in morphometrics (Cardini, 2003; Debat et al., 2003; Klingenberg et al., 2003 Klingenberg et al., , 2012 . CVA maximizes the differences between species, and is an efficient method for detecting the degree of separation between taxa (Klingenberg et al., 2012) . However, it is important to note that CVA is based on an a priori sorting of the species.
The output of results in MorphoJ also includes matrices of pairwise Mahalanobis and Procrustes distances. According to Klingenberg & Monteiro (2005) Mahalanobis distance reflects the degree of separation between groups, but does not consider the variation within groups. In contrast, Procrustes distance characterizes differences between pairs of shapes or deviations of individual shapes from the population average. Therefore, in accordance with our aims we focused on Mahalanobis distances and assessed the statistical significance using a permutation test with 10,000 iterations.
RESULTS
DNA barcoding
We amplified a partial sequence of the COII gene (331 bp) in which 42 sites were variable (12.69%) and 40 sites (12.08%) were parsimony informative. The partial sequence of the COI gene consisted of 657 bp in which 115 sites were variable (17.50%) and 79 (12.02%) were parsimony informative. We conducted a preliminary classification of the species of bagworm moths included in this study based on a Neighbor Joining (NJ) tree for the COII fragment. On the COII NJ tree (Fig S1 -supplementary information S2 -supplementary information) is not the same as that based on COII. We obtained the same, but better supported species specific clusters in the COI tree. Details of the bootstrap consensus NJ trees are included in the supplementary information (Fig. S1 ).
The genetic distances (inter-specific and intra-specific) for both mitochondrial genes were calculated as the pairwise sequence divergence based on the K2P model (Table  1) . The intra-specific distances for the COI and COII were less than 1% (not shown).
The species level comparisons of the COI sequences (this study) with the barcode records in BOLD (last accessed 30.06.2013) yielded a species level match only for the parthenogenetic D. triquetrella (100%). The queries for D. fennicella, D. lichenella and S. listerella did not generate a species specific level match, but indicated that the sequences were likely to belong to those species (Table 2) . Nevertheless, two sequences that we identified as D. lichenella (10-EVO-59-F, 08-EST-10-PU) matched those of other species. The sequence 10-EVO-59-F matched that of D. wehrlii (99.39%; sample ID TLMF Lep 01371) and S. pineti (99.39%; sample ID CLV510712). In addition, 08-EST-10-PU matched that of D. klimeschi (100%; samples IDs CLV3603; CLV24008; CLV1720; BC-EH-V95) and D. wehrlii (99.54%; sample ID TLMF Lep 01371). None of the sequences we obtained for D. charlottae and D. lazuri generated a match in the BOLD records (Table 2) . Lastly, the BOLD data base did not have any vouchers for the sequences that we designated S. rupicolella, except for our own twenty-three barcode records mined from GenBank (accession numbers JX307923-JX307925; JX307927-JX307930; JX307975-JX307990). A species specific search for these sequences generated a match with that of D. lazuri (99.69%-100%; sample ID MM05439), with the exception of 08-TOIV-2-M which also matched that of S. meirella (98.62%; sample ID STG173).
Usefulness of mitochondrial cytochrome oxidase I and II
Our results using Taxon DNA/Species Identifier 1.7.7-dev3 (Meier et al., 2006) revealed that the COII had high percentages of successful species identification. However, the COII had lower success when compared with the COI.
The percentages for the COII were computed using the pairwise distance summary (4.53%). Based on "Best Close Match", 88.23% of the identifications were correct. Nevertheless, a 9.8% of the identifications were ambiguous and 1.96% incorrect. One sequence of S. rupicolella (07-KU-S710-L) was incorrectly matched and of uncertain identification. Another sequence of S. rupicolella (08-RH-14-F) was also uncertain, and so it could not be specifically identified. Of "All Species Barcodes" 76.47% were correctly, 21.56% ambiguously and 1.96% incorrectly identified. Ambiguous identifications were recorded for D. charlottae The use of COI resulted in a higher identification success than COII. The identification percentages were computed using pairwise distance summary (1.21%). This resulted in 98.95% of the samples being correctly identified based on "Best Close Match" and only 1.04% incorrectly identified, due to a single sequence of S. listerella (08-EST-1-L). Of "All Species Barcodes" 98.95% were correctly, 0% ambiguously and 1.04% incorrectly identified, due to one sequence for S. listerella (09-HP4-19-F).
DNA barcoding profiles based on different distance thresholds
The distance threshold values of 3% recommended by Hebert et al. (2003) and 1% by Ratnasingham & Hebert (2007) did not generate the same number of clusters as the NJ trees. For instance, for the COII gene, the threshold value of 3% (maximum pairwise distance of 3.32%) resulted in four clusters with only one species specific cluster for S. listerella showing a maximum pairwise distance of 0.60%. When the threshold value was reduced to 1% (maximum pairwise distance of 1.51%) the analysis generated seven clusters with five species specific groups (for S. listerella, D. lazuri, D. triquetrella, D. fennicella and D. lichenella tances for these taxa were 0.6%, 0%, 0%, 0.3% and 1.51%, respectively.
Distance threshold clustering generated more clusters using the COI gene than the COII gene. The threshold value of 3% produced five groups with a 3.50% maximum pairwise distance, but only three species specific clusters for S. rupicolella, D. triquetrella, and D. charlottae with a maximum pairwise distance of 0.45%, 0% and 0% respectively. Comparatively, eight clusters were generated with a threshold value of 1% with a maximum pairwise distance of 1.21%. However, only D. charlottae, D. triquetrella and S. rupicolella were included in species specific clusters with a maximum pairwise distance of 0%, 0% and 0.45%, respectively.
The 
Phylogenetic relationships-Bayesian inference
Independent phylogenetic trees were obtained based on mitochondrial (COI) and nuclear (MDH) gene fragments. The MDH was 730 bp long, with 121 (16.57%) variable sites and 111 (15.21%) parsimony informative sites.
Overall, the phylogenetic trees based on COI and MDH are broadly similar in topology and have the same species specific clusters as those of the bootstrap NJ consensus trees. Species specific clusters are strongly supported in the COI tree. In contrast, in the MDH tree there is weaker support for these clusters and the parthenogenetic D. fennicella and sexual D. lazuri are paraphyletic. In addition, the samples that were ambiguously/incorrectly identified by Taxon/DNA Species Identifier clustered within the same species specific clusters as in the NJ trees (Figs 
S1-S2, Figs 2-3). A detailed description of the trees is as follows:
Mitochondrial cytochrome oxidase I (COI)
We did not find any support for the monophyly of Siederia (Fig 2) . The common ancestry of the sexuals D. lichenella, D. lazuri and parthenogenetic D. fennicella was strongly supported (1 BPP-Bayesian Posterior Probability). Within this cluster, the sister species status of the parthenogenetic D. fennicella and sexual D. lazuri is well supported (1 BPP).
This phylogenetic reconstruction did not recover good support for the sister species status of the parthenogenetic D. triquetrella and D. charlottae (0.58 BPP). Siederia listerella occupies a basal position in relation to the other species. In contrast, S. rupicolella shares a common ancestor (0.92 BPP) with species of the genus Dahlica.
COII was not used because a concatenated mtDNA tree, which included both COI and COII gene fragments (Chevasco et al., 2013) , recovered the same topology as COI.
Malate dehydrogenase (MDH)
In amplifying the MDH gene we were unable to obtain a PCR product for N. duplicella. A multi-gene phylogeny was not reconstructed based on earlier results (Chevasco et al., 2013) . The previously reported phylogenetic tree, which is based on four gene fragments (COI-COII-CAD-MDH), has a broadly similar topology to the MDH tree.
Morphological analyses of males
Wing scales
The canonical variate analysis (CVA) of five groups of species revealed four canonical variates of which the first two accounted for 72% of the variation. According to the first two canonical variates, S. listerella, S. rupicolella and D. lichenella are clearly separated (Fig. 4) . The differences in the other taxa were not distinguished by the first two canonical variates. Nevertheless, possible differentiation was further resolved by Mahalanobis distances, which ranged from 3.76 (D. lazuri vs. D. lichenella) to 6.92 (S. listerella vs. S. rupicolella). The permutation tests indicate that the mean shape of the scales differs significantly (P < 0.0001 in pairwise permutation tests) (Table 3) 
Genitalia
CVA of the genitalia based on results for five groups of species revealed four canonical variates, of which the first two accounted for 79% of the variation. The plot of the first two canonical variates (Fig. 5) indicates that D. charlottae, S. listerella and S. rupicolella are clearly distinct from each other. As for the wing scales, the differences between the species were better resolved based on Mahalanobis distances, which ranged from 4.37 (D. lazuri vs. D. lichenella) to 16.84 (D. lazuri vs. S. rupicolella). The permutation tests indicate that the mean shape of the genitalia differs significantly between the species (all P < 0.0001 in pairwise permutation tests) ( Table 3) 
Morphological analyses of females (capito-prosternal plate)
Our CVA of female morphology based on the results for seven groups of species revealed six canonical variates of which the first two accounted for 86% of the variation. According to the first two canonical variates, D. triquetrella, D. charlottae, S. listerella and D. lazuri are clearly separated from one another (Fig. 6) . In order to obtain a better differentiation between the species, we used Mahalanobis distances, which ranged from 6.44 (D. fennicella vs. D. lichenella) to 31.48 (D. lazuri vs. D. triquetrella) . The permutation tests indicate that the mean shape of the capito-prosternal plate differed significantly (P < 0.0001 in pairwise permutation tests) (Table 3) 
DISCUSSION
Overall, we address the problem of the inaccuracy of traditional morphological methods for identifying species of Dahliciini. Because of problems associated with their unresolved taxonomic status, we suggest alternative approaches for delimiting species based on molecular methods and geometric morphometrics.
Species delimitation by molecular methods
Our classification of the different species of moths is supported by NJ trees and K2P distances which are mainly used for barcoding (Hebert et al., 2004; Che et al., 2012; Pradeep Kumar et al., 2012) . The observed variation in branch length within certain species specific clusters (i.e. D. lichenella 10-EVO-59-F) is due to intraspecific variation within the species.
We report seven groups of species: two parthenogenetic: D. fennicella, D triquetrella, and five sexual species: D. lazuri, D. lichenella, S. rupicolella, D. charlottae, S. listerella. Siederia cembrella, which has a questionable taxonomic status (Sobczyk, 2011), was not present at the sites we sampled. Previous analyses (Grapputo et al., 2005) only report 4 sexual species, since D. lichenella is considered to be strictly parthenogenetic and rare.
Our results based on Bayesian Inference of the mitochondrial (COI) and nuclear (MDH) gene fragments are congruent in terms of the species specific clusters identified in NJ trees. Overall, there was no strong support for the monophyly of Dahlica and Siederia. Furthermore, the tree topologies were broadly similar and provided evidence that the group comprising the parthenogenetic D. fennicella and sexual D. lazuri and D. lichenella is monophyletic. In contrast, the phylogenetic relationships of the rest of the species were variable. The paraphyletic status of D. fennicella and D. lazuri, based on the MDH gene fragment, might reflect incomplete lineage sorting or multiple transitions to parthenogenesis in D. fennicella (Chevasco et al., 2013) . Unfortunately, we could not characterize the morphology of Estonian D. fennicella using geometric morphometrics because only dead larvae were present in the samples.
Based on the analysis of the MDH gene fragment we ruled out the possibility of hybridization from our set of samples and suggest that hybridization between the sexual species might not occur in the wild. However, some sexual species (D. lazuri, D. lichenella and S. rupicolella) do hybridize under laboratory conditions (J.A Elzinga, pers. obs.). In addition, the origin of parthenogenesis does not appear to be by hybridization (Chevasco et al., 2013) .
Both mitochondrial fragments proved to be useful for distinguishing between species, even the short COII fragment. According to Roe & Sperling (2007) the reliability of short fragments is questionable. Smaller DNA regions may misrepresent intra and inter-specific distances, provide insufficient nucleotide variation and might contain regions of unusual nucleotide divergence. In contrast, longer fragments, such as that of COI, minimize these risks. Despite all the possible disadvantages of a short fragment, the analysis of COII resulted in the same species specific clusters as that of COI. Moreover, the amplification of COII in degraded tissues was particularly useful for identifying parasitized bagworm moths (Elzinga et al., 2011a .
In spite of the apparent simplicity of DNA barcoding, the idea of species specific clusters is sometimes suggested to be insufficient for identifying a specimen. One reason is that there is always the possibility of unidentifiable or wrongly placed non-identical sequences (Will & Rubinoff, 2004) . Moreover, ambiguous data might be difficult to detect because the NJ algorithms generate a single tree (Meier et al., 2006) . Based on these potential problems, we complemented our analysis by using other identification criteria, such as "Best Close Match" and "All Species Barcodes" (Meier et al., 2006 ). Our results demonstrate the standardized barcode (COI) performed best, was not ambiguous and only a low percentage (1.04%) of its assignments were incorrect. In contrast, the use of the COII fragment resulted in ambiguous identifications and a higher percentage of incorrect assignments.
Distance threshold values of 2% or 3% were commonly used in earlier barcoding studies (Ross et al., 2008) . In contrast, a more recent study (Ratnasingham & Hebert, 2007) used a threshold value of 1%. Threshold values help to establish boundaries for species delimitation since the DNA barcoding approach is based on genetic divergence. However, our data indicates these particular values may not be appropriate for the Narycinae. Using the 3% divergence criterion (Hebert et al., 2003) the COII fragment produced only one species specific cluster for S. listerella. The alternative distance threshold value suggested by Ratnasingham & Herbert (2007) of 1% resulted in the generation of five species clusters (S. listerella, D. lazuri, D. triquetrella, D. fennicella and D. lichenella) . In spite of the better performance of the COI in terms of "Best Close Match" and "All Species Barcodes" the distance threshold values of 3% and 1% for the COI fragment only distinguished species specific clusters for D. charlottae, D. triquetrella and S. rupicolella.
The BIN algorithm was much more accurate in delimiting the seven species that we analyzed. Only D. fennicella (parthenogenetic) and D. lazuri (sexual) shared the same cluster. This may be because of the sister species status observed in the COI tree or that D. fennicella originated by autoploidization of D. lazuri (Chevasco et al., 2013) .
A third method of estimating the distance threshold, the barcoding gap, is proposed by Meyer & Paulay (2005) . The barcoding gap is the difference between intra-specific and mean inter-specific, congeneric distances. However, its use is also controversial, as Meier et al. (2008) suggest that the mean inter-specific distance is inaccurate and that only the smallest inter-specific distances should be used. Thus, the threshold issue continues to be debated (Hickerson et al., 2006; Rubinoff, 2006; Ward et al., 2009) due to its lack of universality. We also suggest that the application of threshold limits might be artificial and not applicable to every species, which is supported by studies on other systems. In drosophilids none of the distance threshold criteria were suitable for delimiting species (Yassin et al., 2010) . The same situation is reported for two species of parasitoids (Trachyarus solyanikovi and T. fuscipes) (Elzinga et al., 2011a) . Strutzenberger et al. (2011) even suggest a species specific threshold value of 2% for Eois moths. The lack of universality in divergence thresholds and species level divergence cut-off values has raised questions about whether genetic distance should be included as a component of barcoding in taxonomy (Meyer & Paulay, 2005; Vogler, 2006; Wiemers & Fiedler, 2007) . Clearly, further work is needed to determine the usefulness of threshold limits in species delimitation.
DNA barcoding is dependent on correctly identified voucher specimens, which can be used in conjunction with newly generated sequences, if one is to define the species specific groups (Valentini et al., 2009) . Ideally, reference sequences should be obtained from type specimens (Meyer & Paulay, 2005) . Unfortunately, some type specimens of Dahliciini have been lost (Sobczyk, 2011) . Additionally, DNA barcoding retains the problems of accurately naming species and identifying sequences that do not match reference sequences.
Species names used in our study follow those reported in Grapputo et al. (2005) and are based on mtDNA and traditional morphology. The species identification was based on where they were collected, larval case and shape of wing scales of males, but no quantitative analysis was performed. The morphological identification matched the mtDNA haplotypes of D. fennicella and D. triquetrella. However, Grapputo et al. (2005) report some mismatches between morphological and DNA-based approaches. For instance, the COII references SR2, SR2a, SR4 and SR2b (Fig. S1 ) (SR stands for S. rupicolella based on morphology) clustered with S listerella sequences. Grapputo et al. (2005) relied on the morphological identification of the Finnish specimens. Therefore, SR2, SR2a, SR4 and SR2b are referred to as S. listerella (Fig. S1) . Moreover, DL3, DL4 and DL4a (DL stands for D. lazuri based on morphology) clustered with D. charlottae sequences. Grapputo et al. (2005) considers the morphological identification of D. lazuri to be unreliable, thus DL3, DL4 and DL4a are denominated as D. charlottae (Fig. S1 ). Nevertheless, we cannot rule out the uncertainty of species naming among S. listerella, S. rupicolella, D. lazuri and D. charlottae. Another issue is that D. lichenella is only considered to be parthenogenetic in Finland (Suomalainen, 1980; Sobczyk, 2011) . Nonetheless, the occurrence of a sexual form denominated D. lichenella fumosella (Heinemann, 1870) is reported (Suomalainen, 1980) . According to our preliminary classification based on the COII, the sexuals that we identified as D. lichenella clustered together with Austrian D. lichenella fumosella (not shown), which is considered to be a sexual form of the parthenogenetic D. lichenella (Pro Natura, 1997). Throughout our sampling, strictly parthenogenetic D. lichenella were not found. An explanation for the absence of this particular species could be that we did not include sites close to Rauma (Finland), where Grapputo et al. (2005) found parthenogenetic D. lichenella.
We conducted a species specific search in the BOLD database in an attempt to gain more insights into the unresolved taxonomy of these species. Based on the standardized DNA barcode (COI), our sequences from S. listerella, D. charlottae, D. lazuri, D. fennicella and D. lichenella did not generate a species specific match with any BOLD barcodes. Only D. lichenella, D. fennicella and S. listerella matched the vouchers for the same species with the possibility of a potential match. Our findings might reflect the lack of consistency in the naming of species due to the great difficulty in identifying them using traditional morphological methods. Therefore, we employed geometric morphometrics to determine its potential applicability for species discrimination in bagworm moths.
Morphological analysis of males
Wing scale analysis yielded poor species delimitation, since there were no significant differences, based on geometric morphometrics, between the following pairs of species: D. charlottae-D. lazuri, D. charlottae-S. rupicolella and D. lazuri-S. rupicolella. Therefore, based on our samples we conclude that wing scales are unlikely to be a suitable morphological character for species differentiation. Variation in wing venation (Albrecht & Kaila, 1997) and/or wing shape (Roggero & d'Entrèves, 2005 ) might be useful for species delimitation in Lepidoptera. Unfortunately, we could not use wing shape or venation because the tips and bases of the wings of the moths in most of our samples were damaged.
As in other studies on Lepidoptera (Mutanen, 2005; Mutanen et al., 2007; Dapporto, 2008 Dapporto, , 2010 , we demonstrate that differences in male genitalia are an effective way of discriminating between species of the genera Dahlica and Siederia. In fact, the extensive use of geometric morphometrics to search for differences among taxa is strongly recommended by Mutanen & Pretorius (2007) . The use of geometric morphometrics is an alternative to the genital index (Suomalainen, 1980) and traditional morphometrics for identifying bagworm moths. Traditional morphometric methods applied to male genitalia in our study species were not able to differentiate the two species of the genus Siederia (V. Chevasco, unpubl.) In spite of the effectiveness of male genitalia and molecular methods, the species delimitation of living specimens remains unresolved.
Interestingly, the smallest range of Mahalanobis distances in wing scales and genitalia was between D. lazuri and D. lichenella. The similarity between these two species was corroborated by their monophyletic relationship indicated in the mitochondrial and nuclear gene trees.
Morphological analysis of females
The capito-prosternal plate of the female pupa was not entirely suitable for species delimitation purposes. In spite of this, we demonstrate the better performance of geometric morphometrics when compared to traditional methods. Only D. triquetrella is discriminated on the basis of the capito-prosternal plate when assessed using traditional morphometrics (V. Chevasco, unpubl.). Our findings revealed no significant differences between D. lichenella-D. triquetrella and D. triquetrella-S. listerella. Nevertheless, the lack of significant differences in the capito-prosternal plates of these species is easily resolved because D. triquetrella is parthenogenic and the shape of larval case is different (Suomalainen, 1980) .
The geometric morphometric analysis of the capitoprosternal plate yielded a small range of Mahalanobis distances between D. fennicella and D. lichenella. These findings helped us confirm the monophyly of these two species, as indicated by the mitochondrial and nuclear gene trees.
In summary, our results show that only male genitalia have an equivalent discriminatory power to DNA barcoding. Other characteristics, such as wing scales and the capito-prosternal plate of female pupae have a poorer discriminatory power than molecular methods.
CONCLUSION
Regardless of the unresolved issues concerning the uncertainty in the naming of the species, the taxonomic units described herein remain valid. We suggest that comparison of multiple sources of data, such as tree based identification techniques together with male genitalia, is effective for some species of Dahliciini. Nonetheless, barcoding has its limitations, such as the unresolved taxonomic status of species, dependency on the availability of reference sequences and lack of a consensus regarding the application of distance thresholds. Despite these limitations, DNA barcoding should continue to be used for a variety of taxonomic, biodiversity and ecological applications.
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Comparatively, S. rupicolella and D. charlottae had the lowest pairwise distance (4.6%).
NJ tree for COI
The species of Dahlica and Siederia did not form the same independent groups as in the COII tree. As in the COII analysis, S1. Summary of the locations and co-ordinates of the samples of the different species of bagworm moths used in this study. The type of tissue is indicated by L (larva) F (female), M (male), other (pupal remains) for a total of 196 individuals. 
